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Formigas cultivadoras de fungo (subtribo Attina) compõe um grupo monofilético de ≈ 250 
espécies exclusivas do Novo Mundo, que cultivam um fungo simbionte dentro dos 
seus ninhos, que serve como sua fonte de alimento. Formigas cortadeiras são distintas dentre as 
cultivadoras de fungo, pois elas forrageiam material vegetal fresco para nutrir seu fungo 
simbionte. O substrato de cultivo para o jardim de fungo deve ser nutritivo, livre de patógenos 
e compostos secundários danosos. Essa dissertação investiga o comportamento e ecologia de 
forrageio de Acromyrmex subterraneus em uma reserva de Cerrado perto de Mogi-Guaçu, 
estado de São Paulo, SE Brasil. Nós também usamos colônias cativas para realizar uma análise 
qualitativa e quantitativa do comportamento intracolonial das sub-castas de operárias de A. 
subterraneus. A atividade das formigas apresentou um pico noturno, entre 20:00h e 02:00h, e 
foi negativamente relacionada com a temperatura e positivamente relacionada com a umidade 
relativa do ar. Acromyrmex subterraneus aparenta ser uma espécie generalista, uma vez que as 
forrageiras coletam uma grande variedade de substratos de cultivo, incluindo folhas frescas e 
secas, flores, frutos, pecíolos de folhas, corpos reprodutivos de fungos (cogumelos) e seiva. O 
comprimento das trilhas variou entre 0.74 e 13.02 m, incluindo uma área de forrageamento 
estimada entre 1.81 a 27.55 m2. A massa total da carga foi positivamente associada ao tamanho 
da forrageira, especialmente quando o substrato consistia de folhas. A relação entre tamanho e 
carga está de acordo com outros estudos (formigas maiores carregam substratos mais pesados), 
mas comparações entre diferentes tipos de substratos ainda requerem mais investigações. Os 
etogramas quantitativos demonstraram que a performance das grandes categorias 
comportamentais e a composição dos repertórios comportamentais são importantes parâmetros 
para distinguir a execução de tarefas pelas sub-castas de operárias. Operárias 
pequenas frequentemente executaram cuidado à prole e tarefas relacionadas ao fungo, 
enquanto operárias médias e grandes executaram principalmente tarefas relacionadas 
ao forrageamento. A atividade de limpeza do corpo foi frequente em todas as sub-castas. No 
geral, os padrões comportamentais registrados em  A. subterraneus são similares aos das 
operárias de outras formigas cortadeiras. As tarefas executadas por diferentes sub-castas de A. 
subterraneus lembram a divisão de trabalho de colônias de Atta, sugerindo que, junto da 
“agricultura por corte de folhas”, um conjunto conservado de comportamentos de operárias 
persiste desde a origem da linhagem das cortadeiras. Este estudo contribui para o conhecimento 
sobre a história natural e ecologia de forrageio de A. subterraneus no Cerrado, e mostra como 
repertórios comportamentais de sub-castas de operárias mediam a organização da colônia em 
formigas cultivadoras de fungo, e como podem ter sido moldados pela evolução. 
Palavras Chave: Acromyrmex subterraneus, Attina, Cerrado, divisão de trabalho, etograma, 


































Fungus-farming ants (subtribe Attina) compose a monophyletic group of ≈ 250 species 
exclusive to the New World, which cultivate a fungal symbiont inside the nest that serves as 
food source. Leaf-cutter ants are distinctive among fungus-farmers because they forage for 
fresh plant matter to nurture the symbiont fungus. The culturing substrate for the fungus garden 
must be nutritious, free of pathogens and of hazardous secondary metabolites. This dissertation 
investigates the behavior and foraging ecology of Acromyrmex subterraneus in a Cerrado 
reserve near Mogi-Guaçu, State of São Paulo, SE Brazil. We also used captive colonies to 
provide a qualitative and quantitative account of the intracolonial behavior of the worker sub-
castes of A. subterraneus. Ant activity peaked at night between 08:00 p.m. and 02:00 a.m., and 
was negatively related with temperature and positively related with air relative humidity. 
Acromyrmex subterraneus appears to be a generalist species, with foragers collecting a wide 
variety of culturing substrates, including fresh and dry leaves, flowers, fruits, leaf petioles, fungi 
fruiting body (mushroom), and sap. Length of trunk trails ranged from 0.74 to 13.02 m, 
including an estimated home range of 1.81 to 27.55 m2. Total load mass was positively 
associated with forager size, especially in the case of leaf substrates. The relationship between 
size and load is in accordance with other studies (larger ants carry heavier substrates), but their 
intricacies when comparing different substrates needs further investigation. The quantitative 
ethograms showed that performance of major behavioral categories and the composition 
behavioral repertoires are important parameters distinguishing labor by worker sub-castes. 
Minors regularly executed brood and fungus-related tasks, whereas media and majors executed 
mostly foraging-related tasks. Grooming was frequent in all sub-castes. Overall, the behavioral 
patterns reported in A. subterraneus are similar to those reported for worker sub-castes of other 
leaf-cutters. The tasks executed by different sub-castes of A. subterraneus closely resemble the 
division of labor observed in Atta colonies, suggesting that alongside “agriculture by leaf-
cutting”, a highly conserved set of worker behaviors persist since the origin of the leaf-cutting 
lineage. This study contributes to our knowledge of the natural history and foraging ecology of 
A. subterraneus in Cerrado, and shows how behavioral repertoires of worker sub-castes mediate 
colony organization in fungus-faming ants, and how they might have been shaped through 
evolution. 
Key Words: Acromyrmex subterraneus, Attina, Cerrado, division of labor, ethogram, eusocial 
behavior, foraging ecology, fungus-farming ants. 
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Atualmente, reconhece-se cinco grupos de insetos eussociais: cupins (Thorne, 
1997), abelhas, vespas (Arathi & Gadagkar, 1998; Hölldobler & Wilson, 2008), tisanópteros 
(Chapman et al., 2000) e formigas (Hölldobler & Wilson, 2005). A definição mais utilizada de 
eussocialidade envolve três condições: cuidado cooperativo da prole, sobreposição de gerações, 
e divisão de trabalho entre indivíduos exclusivamente dedicados à reprodução e indivíduos 
exclusivamente dedicados ao trabalho (Arathi & Gadagkar, 1998; Boomsma & Gawne, 2018; 
Hölldobler & Wilson, 2005; Schuster & Schuster, 1985). Devido a esta estrutura social 
especializada, os insetos eussociais são considerados componentes dominantes dos 
ecossistemas, seja em termos comportamentais, de abundância, ou de biomassa (Hölldobler & 
Wilson, 1990).  
As formigas (Hymenoptera: Formicidae) são consideradas os insetos sociais mais 
bem-sucedidos ecologicamente (Brady et al., 2006), distribuindo-se por quase todos os biomas 
do globo, com exceção de regiões muito frias (Hölldobler & Wilson, 1990). Em ecossistemas 
tropicais, como a floresta de terra firme amazônica, a dominância de formigas é tamanha que 
chegam a representar cerca de um terço da biomassa animal (Fittkau & Klinge, 1973). Além 
disso, estes insetos podem estabelecer uma miríade de relações ecológicas com uma diversidade 
de organismos pertencentes à múltiplos taxa. Por exemplo, várias espécies de formigas 
dependem de plantas específicas para nidificação, outras atendem insetos trofobiontes (e.g., 
hemípteros, larvas de Lepidoptera) para se nutrirem do carboidrato excretado (“honeydew”), 
outras dispersam sementes/frutos carnosos, e outras ainda polinizam plantas (veja Hölldobler 
& Wilson, 1990; Rico-Gray & Oliveira, 2007; Stadler & Dixon, 2008) ou atuam como 
importantes herbívoras funcionais (Hölldobler & Wilson, 2011).  
As atividades executadas pelas formigas para a manutenção de suas colônias e 
relações ecológicas requerem uma intrincada organização social e divisão de trabalho 
intracolonial. A organização das tarefas dentro da colônia geralmente ocorre via divisão de 
indivíduos em castas, dependendo de suas características fisiológicas, etárias e morfológicas 
(Hölldobler & Wilson, 1990, 2008; Wheeler, 1986). De acordo com o estado fisiológico, as 
formigas de uma colônia podem ser divididas entre indivíduos reprodutivos (rainhas e machos) 
e indivíduos mais ou menos estéreis (operárias). Após o voo nupcial, as rainhas fecundadas 
perdem as asas e fundam colônias -- elas têm vida longa e somente realizam tarefas relacionadas 
à reprodução. Operárias são fêmeas adultas que realizam as tarefas não reprodutivas da colônia 
(manutenção, forrageamento, defesa, etc.), embora em algumas espécies as operárias podem 
colocar ovos e produzir machos (Hölldobler & Wilson, 1990). Castas temporais e morfológicas 
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referem-se exclusivamente às operárias. A existência de operárias de múltiplas idades pode 
gerar castas etárias que realizam tipos distintos de tarefas -- quando jovens são enfermeiras e 
cuidam da rainha e de sua prole (Julian & Cahan, 1999), e quando velhas se tornam forrageiras 
ou mantenedoras da lixeira (Tripet & Nonacs, 2004).  
A maioria das formigas apresenta dimorfismo entre rainhas e operárias. Porém, o 
polimorfismo na casta de operárias é raro, ocorrendo em somente em 15% das espécies de 
formigas (Anderson & McShea, 2001; Wheeler, 1991). A produção de sub-castas de operárias 
depende de quão cedo uma larva toma o caminho de desenvolvimento para fêmea reprodutiva 
ou operária. Para que uma espécie apresente sub-castas de operárias, esta determinação deve 
ser rápida, ou seja, no ovo ou primeiros estádios larvais. Isso explica a raridade de sub-castas, 
uma vez que somente algumas espécies de formiga têm essa determinação de desenvolvimento 
precoce (Wheeler, 1991). Para a determinação das sub-castas, a alteração de três aspectos do 
desenvolvimento é necessária: tamanho crítico, reprogramação do desenvolvimento e 
parâmetros de crescimento. Tamanho crítico corresponde ao tamanho e peso a partir do qual o 
indivíduo vai seguir o caminho de desenvolvimento para uma sub-casta específica. A 
reprogramação do desenvolvimento é a alteração do padrão genético previamente expresso pelo 
indivíduo. À medida que um indivíduo sofre reprogramação, ele se torna capaz de superar seu 
tamanho crítico prévio. Quando este novo tamanho crítico é atingindo, as taxas de crescimento 
são ajustadas, levando à adequação da proporção e forma corporal à sub-casta (Wheeler, 1986, 
1991). Parâmetros de crescimento referem-se à alometria diferencial durante o 
desenvolvimento. Comumente, a parte corporal com maior diferença em crescimento entre sub-
castas é a cabeça (Wilson, 1980b). Essas diferenças entre sub-castas tendem a resultar em 
especialização em tarefas, com certos tamanhos realizando tarefas específicas com maior 
frequência (Gordon et al., 2018). Tal divisão de trabalho aumenta a eficiência das tarefas e 
sobrevivência de colônias que apresentem sub-castas de operárias (Wills et al., 2018).  
 
As formigas cultivadoras de fungo 
Este grupo de formigas inclui cerca de 250 espécies exclusivamente do Novo 
Mundo e predominantemente neotropicais (Bolton, 2019; Ward et al., 2015), que se originaram 
há cerca de 50 milhões de anos (Schultz & Brady, 2008). Sua principal característica é sua 
relação mutualística obrigatória com fungos cultivados no interior de seus ninhos (Mehdiabadi 
& Schultz, 2009; Hölldobler & Wilson, 2011). A maioria dos simbiontes são leucoprináceos 
(Basidiomycota: Agaricaceae: Agaricales), decompositores de material vegetal (Mehdiabadi & 
Schultz, 2009; Mueller et al., 2001).  Formigas cultivadoras de fungo são divididas em dois 
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clados: Paleoattina e Neoattina, de acordo com a complexidade de suas colônias, substratos 
utilizados para fungicultura, interações com o fungo simbionte, e polimorfismo das operárias 
(Sosa-Calvo et al., 2017). As espécies de simbiontes associadas às Neoattina são incapazes de 
sobreviver sem associação com as formigas (Branstetter et al., 2017; De Fine Licht et al., 2010; 
Mueller et al., 2018).  
A maioria dos gêneros que compõem estes clados não cortam os substratos 
coletados para o cultivo do fungo. Os gêneros não-cortadores dos clados de Paleoattina e 
Neoattina formam colônias pouco populosas (cerca de 300 operárias monomórficas) e seus 
ninhos apresentam poucas câmaras rasas (Hölldobler & Wilson, 2011; Klingenberg et al., 2007; 
Mueller & Wcislo, 1998; Ronque, 2018). Elas usam substratos diversos para a nutrição do 
fungo simbionte, incluindo carcaças/fezes de animais e materiais vegetais secos/murchos (De 
Fine Licht & Boomsma, 2010; Leal & Oliveira, 1998, 2000; Mehdiabadi & Schultz, 2009; 
Ronque, 2018). O forrageamento ocorre próximo ao ninho e o padrão de atividade é variável, 
podendo ser diurno, crepuscular ou noturno (Ronque, 2018).  
Os gêneros Trachymyrmex e Sericomyrmex são considerados intermediários entre 
as Paleo/Neoattinas não-cortadeiras e as formigas tipicamente cortadeiras (Acromyrmex e Atta). 
Suas colônias têm entre 300 a 1000 indivíduos levemente polimórficos (Ješovnik & Schultz, 
2017; Ješovnik et al., 2018). Essas formigas coletam principalmente material vegetal caído na 
serapilheira próxima a seus ninhos, mas podem também coletar carcaças e fezes de artrópodes 
(Leal & Oliveira, 1998, 2000). Entre doze e oito milhões de anos atrás, uma linhagem de 
Neoattina começou a ativamente cortar material vegetal fresco para o cultivo de seu simbionte, 
originando as formigas cortadeiras típicas (Schultz & Brady, 2008). 
As formigas cortadeiras cultivadoras de fungo incluem os gêneros Atta e 
Acromyrmex, que cultivam principalmente uma espécie de fungo, Leucoagaricus 
gongylophorus (Mueller et al., 2018). Estes gêneros são considerados os que apresentam as 
características mais especializadas dentre as formigas cultivadoras de fungo, tais como a coleta 
de material vegetal fresco via corte para a nutrição do simbionte (Schultz & Brady, 2008; 
Mueller et al., 2018) e colônias extremamente populosas de até milhões de indivíduos 
polimórficos (Mehdiabadi & Schultz, 2009). As operárias polimórficas são classicamente 
divididas em três sub-castas morfológicas que realizam diferentes tarefas (Camargo et al., 2007; 
Forti et al., 2004; Wetterer, 1991; Wilson, 1980a, 1980b). O forrageamento é executado em 
massa, com centenas de forrageiras percorrendo trilhas que podem chegar a centenas de metros 
de comprimento (Hölldobler & Wilson, 2011; Howard, 2001). Devido ao forrageamento 
intenso e a grande quantidade de material vegetal coletado por formigas cortadeiras (Wirth et 
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al., 2003), elas são consideradas uma das principais pestes agrícolas dos Neotrópicos (Della 
Lucia et al., 2014), sendo também importantes engenheiras de ecossistemas (Farji-Brener et al., 
2017; Tabarelli et al., 2017) e dispersoras de sementes (Farji-Brener & Silva, 1996; Christianini 
& Oliveira, 2009).  
O cultivo de fungo com o uso de material vegetal fresco levou ao desenvolvimento 
de intrincados sistemas de processamento de material e monitoramento do simbionte, evitando 
sua contaminação com patógenos, especialmente Escovopsis (Currie et al., 1999). Estudos com 
Atta revelaram que o processamento de substrato inicia fora do ninho, com as operárias 
conhecidas como caroneiras. Estas formigas pertencem à menor sub-casta morfológica, e saem 
do ninho para as trilhas de forrageio, subindo nos substratos carregados (Feener Jr. & Moss, 
1990; Linksvayer, et al., 2002; Viera-Neto et al., 2006). Quando se avaliou a superfície destes 
substratos, conclui-se que substratos lambidos pelas caroneiras continham menor carga 
microbiana (Griffiths & Hughes, 2010). Sendo assim, o ato de lamber das caroneiras consiste 
de uma das fases do processamento de substrato que ocorre fora do ninho (Griffiths & Hughes, 
2010; Viera-Neto et al., 2006). No ninho, as forrageiras depositam os substratos e operárias os 
lambem e os cortam em pedaços menores, que são levados às partes mais profundas do ninho 
(Burd & Howard, 2005; De Fine Litch & Boomsma, 2010). Uma vez na câmara do jardim de 
fungo, os pedaços são entregues a operárias ainda menores que constantemente mordiscam as 
bordas do substrato até que ele chegue à uma consistência pegajosa, quando então recebe 
secreções fecais de operárias que aumentam a capacidade competitiva do simbionte contra 
microrganismos invasores (D’Ettorre et al., 2002; Martin et al., 1975). Após receber as 
secreções, o substrato é inoculado com hifas do simbionte, que crescerá utilizando este material.  
A relação entre fungo e formigas cortadeiras requer precisão de execução de 
tarefas por castas etárias e sub-castas morfológicas, sendo necessário fornecer substratos 
nutricionalmente ricos para o simbionte. Isso requer o discernimento das formigas sobre qual 
substrato trazer (Berish, 1986; Camargo et al., 2004; Cherrett, 1972; De Fine Licht & 
Boomsma, 2010), e em que taxa de transporte (Burd, 2000a, 2000b). Embora o gênero 
Acromyrmex tenha quase o dobro de espécies descritas em relação à Atta (AntWeb, 2018), a 
maioria dos estudos de história natural e comportamento de formigas cortadeiras são realizados 
predominantemente com espécies de Atta. Nesse estudo investigamos a história natural e 






Espécie de Estudo 
Acromyrmex subterraneus (Figura 1) é uma formiga cortadeira exclusivamente 
neotropical que se distribui pela Argentina, Bolívia, Brasil, Paraguai e Peru (AntWeb, 2018). 
Essa espécie faz ninhos exclusivamente subterrâneos, com o solo escavado por vezes sendo 
depositado na vizinhança do ninho, formando os característicos murundus (Da Silva Camargo 
et al., 2004; Forti et al., 2006). Ninhos jovens contêm somente a câmara de jardim de fungo e 
atingem entre 0.6 e 1.5 l em volume e profundidades de 11 a 20 cm abaixo da superfície do 
solo, comumente próximos a raízes de árvores. A espécie tem grande variação de cor, incluindo 
corpo totalmente marrom claro, corpo marrom claro com cabeça marrom escura/preta, ou um 
tegumento completamente marrom escuro/negro sendo que as operárias apresentam claro 
polimorfismo (Anjos et al., 1993). A espécie pode ocorrer em áreas de plantio, como Pinus 
(Nickele et al., 2016).  
 
Figura 1. Operárias de Acromyrmex subterraneus sobre o jardim de fungo, em colônia mantida 
em laboratório. Foto por Hélio Soares Júnior. 
 
Objetivos Gerais  
O presente estudo tem como objetivo fornecer dados qualitativos e quantitativos 
sobre a biologia, ecologia e comportamento de Acromyrmex subterraneus, a fim de contribuir 
para um melhor entendimento das características especializadas no grupo das Attina, bem como 
no papel ecológico desta espécie no Cerrado. Especificamente, o estudo pretende: 
(1) Determinar o padrão de atividade da espécie; 
(2) Investigar a extensão das trilhas utilizadas para o forrageamento, 
estimando a área utilizada pela espécie paras suas atividades de forrageio; 
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(3) Determinar quais tipos de substratos são coletados para o cultivo do 
fungo simbionte e quais seriam os mais frequentes;  
(4) Investigar a existência de uma possível relação entre o tamanho das 
forrageiras e a massa do substrato transportado ao ninho para o cultivo do fungo; 
(5) Investigar o repertório comportamental da espécie em colônias mantidas 
em laboratório; 
(6) Investigar a divisão de trabalho entre operárias de diferentes sub-castas, 
determinando quais comportamentos as diferenciam. 
O Capítulo I aborda os aspectos da história natural e ecologia de forrageamento 
de A. subterraneus, enquanto que o Capítulo II apresenta o repertório comportamental da 
espécie. 
 
Área de Estudo  
As observações de campo da pesquisa foram realizadas no Núcleo de Pesquisa da 
Reserva Biológica de Mogi-Guaçu (Mogi-Guaçu-SP) (22º18′12,98’’S, 47º11′15,00’’O). A 
reserva é uma área de conservação e proteção integral para remanescentes de Cerrado no estado 
de São Paulo, sendo localizada no Distrito de Martinho Prado Júnior (Mogi-Guaçu - SP) 
(Figura 2). A reserva é uma mancha de Cerrado que apresenta as seguintes fisionomias: 
Cerrado sensu stricto, cerradão, e campo limpo (informações fornecidas no site oficial da 
reserva: http://www3.ambiente.sp.gov.br/institutodebotanica/mogi-guacu/). O cerradão se 
caracteriza por apresentar 50 a 90% da cobertura vegetal formada por árvores de 10 a 12 metros, 
o Cerrado sensu stricto possui até 30% da cobertura arbórea formada por arbustos de 3 a 8 
metros, enquanto que o campo limpo não possui cobertura arbórea, somente um estrato 




Figura 2. Mapa indicando a localização da área de estudo, dentro do Estado de São Paulo. As 
diferentes cores indicam quais áreas da antiga Fazenda Campininha são pertencentes ao 
Instituto de Botânica do Estado de São Paulo (indicado por IBt) e quais são pertencentes ao 
Instituto Florestal (indicado por IF). O círculo vermelho indica a localização das áreas de 























Field biology and foraging ecology of the leaf-cutter ant Acromyrmex subterraneus 
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Fungus-farming ants (subtribe Attina) compose a monophyletic group of ≈ 250 species 
exclusive to the New World, which cultivate a fungal symbiont inside the nest that serves as 
food source. Leaf-cutter ants are distinctive among fungus-farmers because they forage for 
fresh plant matter to nurture the symbiont fungus. The culturing substrate for the fungus garden 
must be nutritious, free of pathogens and of hazardous secondary metabolites. This chapter 
investigates the foraging ecology of Acromyrmex subterraneus in a Cerrado reserve near Mogi-
Guaçu, State of São Paulo, SE Brazil. Specifically, we examined the species activity pattern, 
the types of substrate collected for fungiculture, and the relationship between load and forager 
size. Ant activity peaked at night between 08:00 p.m. and 02:00 a.m., and was negatively related 
with temperature and positively related with relative air humidity. Fresh leaves were the most 
collected culturing substrate, followed by flowers. Length of trunk trails ranged from 0.74 to 
13.02 m, including a home range of 1.81 to 27.55 m2 (n = 6 colonies). Such home range 
variation could be a consequence of both colony size, which was unable to be measured due to 
the lack of nest mounds, or the difference on total observation time between colonies. Total 
load mass was positively associated with forager size, especially in the case of leaf substrates. 
The relationship between size and load is in accordance with other studies (larger ants carry 
heavier substrates), but their intricacies when comparing different substrates needs further 
investigation. The negative relationship between ant size and burden suggests that ants might 
be optimizing their delivery rate by collecting lighter substrates more frequently.  Acromyrmex 
subterraneus appears to be a generalist species, since foragers collect a wide variety of culturing 
substrates, including fresh and dry leaves, flowers, fruits, leaf petioles, fungus fruiting body 
(mushroom), and sap. This study presents new aspects of the behavior of A. subterraneus, 
adding to our knowledge of its ecological role and foraging in Cerrado savanna. 













Ants (Hymenoptera, Formicidae) are dominant social insects that inhabit nearly 
all biomes, with the exception of extremely cold environments, such as mountaintops and Polar 
regions (Hölldobler & Wilson, 1990). Especially in tropical environments, ants not only 
correspond to a sizeable amount of the animal biomass (Fittkau & Klinge, 1973) but also 
participate in multiple types of interactions with organisms of diverse taxa (Hölldobler & 
Wilson, 1990; Rico-Gray & Oliveira, 2007; Stadler & Dixon, 2008). Due to their predominance 
and ecological relationships, ants can alter the availability of resources for other organisms 
through biotic and abiotic alterations of the environment, acting as important ecosystem 
engineers (Jones et al., 1994, 1997). As ecosystem engineers, they have a great impact on soil 
properties (e.g., Barros et al., 2001; Farji-Brener et al., 2017; Lavelle et al., 1997, 2001), and 
predatory ants may also exert top-down effects that alter the communities of herbivores, 
parasitoids and decomposers (Sanders & van Veen, 2011).  
Fungus-farming ants (Myrmicinae, Attini, Attina; hereafter “attine” ants) provide 
a classic example of a mutualistic interaction, which involves a particular set of behaviors and 
specialized mode of life. These ants have an obligate symbiosis with fungi cultivated inside 
their nests on which they feed, and in return the ants provide the fungi with nourishment, 
dispersal to new locations and a parasite- and competition-free environment (Hölldobler and 
Wilson 2011; Mehdiabadi & Schultz, 2009). Fungus-farming ants comprise nearly 250 species 
described in 17 valid genera, and occur exclusively in the New World (Bolton, 2019; Ward et 
al., 2015). All Attina species are fungus-farmers and the symbiotic fungi usually belongs to the 
genera Leucocoprinus or Leucoagaricus (Basidiomycota: Agaricales) (Mehdiabadi & Schultz, 
2009; Mueller et al., 2018). Based on their culturing substrates, colony complexity and level of 
polymorphism among workers, Attine ants are divided in two clades: Paleoattina and Neoattina 
(Sosa-Calvo et al., 2017). The Neoattina cultivate symbiont fungus species that cannot survive 
without association with ants (Branstetter et al., 2017; De Fine Licht et al., 2010; Mueller et 
al., 2018). While most genera in these clades do not cut leaves for fungiculture, the highly 
specialized Atta and Acromyrmex, known as leaf-cutting ants, frequently cut fresh foliage as 
substrate to cultivate the symbiont fungus (Hölldobler & Wilson, 2011).  
The non-leaf-cutter genera from Paleoattina and Neoattina clades in general have 
small colonies (around 300 monomorphic individuals), and their nests are usually composed of 
few shallow chambers (Hölldobler & Wilson, 2011; Klingenberg et al., 2007; Mueller & 
Wcislo, 1998; Ronque, 2018; Ronque et al., 2019). To nurture their symbiont, they forage near 
the nest entrance and use a variety of substrates, such as arthropod frass/carcasses and 
22 
 
wilting/dry plant-matter, sometimes even collecting fallen seeds and flowers (De Fine Licht & 
Boomsma, 2010; Leal & Oliveira, 1998, 2000; Mehdiabadi & Schultz, 2009; Oliveira et al., 
1995; Ronque et al., 2019). The genera Trachymyrmex and Sericomyrmex are considered 
transitional between the leaf-cutter (Acromyrmex and Atta) and the non-leaf-cutter fungus-
farming ants (e.g., Mycocepurus, Mycetarotes). They present lightly polymorphic workers 
organized in colonies containing 300 to 1000 individuals (Ješovnik & Schultz, 2017; Ješovnik 
et al., 2018, Ronque et al., 2019). Substrate collection occurs nearby the nest, including fresh 
fallen plant matter in addition to arthropod frass and carcasses (Leal & Oliveira, 1998, 2000; 
Mehdiabadi & Shultz, 2009; Ronque, 2018; Ronque et al., 2019). 
The typical leaf-cutters, Atta and Acromyrmex, cultivate their symbiont fungus 
(most often Leucoagaricus gongylophorus) (see Mueller et al., 2018), using fresh plant matter 
(Schultz & Brady, 2008; Mehdiabadi & Schultz, 2009), and have the most specialized 
characteristics within fungus-farming ants, such as very populous colonies that can contain 
millions of workers (Hölldobler & Wilson, 2011). Colonies of Atta and Acromyrmex are highly 
polymorphic (Camargo et al., 2007; Wetterer, 1991) and present three morphological worker 
sub-castes (Camargo et al., 2007; Forti et al., 2004; Wilson, 1980a, 1980b) that perform specific 
size-based tasks (Wilson, 1980a, 1980b; Chapter II of this dissertation). Due to their populous 
colonies and massive trunk trails, leaf-cutter ants can collect huge quantities of fresh plant 
material (Wirth et al., 2003), making them the main agricultural pests in the Neotropics (Della 
Lucia et al., 2014). Since the period of colonization of South America, Atta species have been 
recognized as the main leaf-cutter ant pests, although in some tropical areas, farmers also 
struggle against species such as Acromyrmex lobicornis in conifer plantations (Pérez et al., 
2011), A. octospinosus in cultures of citrus and cacao (Lewis, 1975), and A. landolti in pastures 
(Robinson & Fowler, 1982). However, leaf-cutter ants can also act as important ecosystem 
engineers (e.g., Farji-Brener et al., 2017; Tabarelli et al., 2017) and seed dispersers in the 
Neotropics (e.g., Farji-Brener & Silva, 1996; Christianini & Oliveira, 2009).  
Although the genus Acromyrmex has nearly twice the number of species compared 
to Atta (Bolton, 2019), most studies on natural history and foraging of leaf-cutters are on Atta 
species (Leal et al., 2014; Wirth et al., 2003; and references therein). Studies on field biology 
of Acromyrmex species in native ecosystems are important to understand the specialized 
characteristics within the Attina, as well as the ecological role of these ants in nature. Studies 
on the behavior of these ants could also provide valuable information for the development of 
new sustainable methods of control in agroecosystems, as opposed to pesticides (Rocha et al., 
2018). In this chapter, we investigate the natural history of Acromyrmex subterraneus Forel 
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(1893) in a reserve of Cerrado savanna in southeast Brazil. The importance of the study area is 
that most studies regarding Acromyrmex species are performed in areas affected by human 
activities, specially crop areas (Nickele et al., 2016) and it is important to study animal behavior 
in preserved Cerrado areas, since it is a threatened biome (Oliveira & Koptur, 2017). 
Specifically, we present qualitative and quantitative field data on daily activity pattern, types 
of substrate collected for fungiculture, relationship between substrate load and forager size, 
foraging trails, and estimated colony home range.  
 
Material and Methods 
 
Study site 
Fieldwork was undertaken in a 470-ha Cerrado savanna at the Núcleo de Pesquisa 
Reserva Biológica de Mogi-Guaçu, São Paulo state, southeast Brazil (22º18′S, 47º11′W). 
Observations were carried out in the forest-like ‘cerradão’, whose physiognomy is formed of 
50-90% of trees up to 10-12 m in height (Oliveira-Filho & Ratter, 2002). The climate of the 
region consists of a dry/cold season (winter) from April to September and a rainy/hot season 
(summer) from October to March. The annual temperature ranges from 20.5 to 22.5 ℃ , and 
accumulated rainfall varies from 250-300 mm in the winter to 1100–1200 mm in the summer 
(data provided by the climatological station at the Cerrado reserve). Field observations were 
carried out in the rainy season, from February to March 2017.  
 
Activity pattern  
We determined the activity pattern of Acromyrmex subterraneus (four colonies) 
through simultaneous censuses carried out over 24 hours per colony, in which we recorded the 
number of workers exiting and entering the nest every two hours in sessions of 20 min. Air 
temperature and relative humidity at nest entrances were also noted before each sampling 
session. We used a generalized linear model (GLM) with Poisson distribution to model ant 
activity pattern in relation to air temperature and air relative humidity. A pseudo-R2 was 
calculated using the deviances of the final model as compared with the null model. This analysis 
was performed in R version 3.5 (R Core Team, 2018). 
 
Samplings of substrate for fungiculture and delimitation of foraging trails  
Samplings of culturing substrate collected by the ants and delimitation of their 
foraging trails (Figure 1) were performed in active colonies of A. subterraneus, during their 
24 
 
activity peak, at night. Tagged colonies were designated as N1, N2, N3, N4, N5, and N6 and 
were at least 20 m from one another. We performed samplings in 1-hour sessions as follows: 
five min collecting culturing substrate from returning foragers followed by 10 min of trail 
delimitation, and so on until the session terminated. Samplings were intermittent during the 
rainy season, and colonies were each monitored in 1-hour sessions per night. Accumulated 
duration of samplings for each focal colony ranged from 1 to 7 hours, totaling 27 hours for the 
six monitored colonies altogether.  
Collection of culturing material was performed at foraging trails, at 0.50 to 2 m 
from the nest entrance. In each sampling, the ant forager, the load item, and the hitchhiker(s) 
(when present) were collected and preserved in 70% alcohol. We classified the culturing 
substrate following previously defined categories, akin to those used in Rockwood (1975) and 
Leal & Oliveira (1998, 2000). Our categories were fresh and dry leaves, flowers, fruits, leaf 
petioles, and sap (Figure 1). Ant voucher specimens are deposited at the “Museu de Zoologia 
da Universidade Estadual de Campinas”, São Paulo (ZUEC, Campinas, Brazil; registration 
number 6261).  
Foraging trails were delimited by following workers and sequentially marking 
their paths with flags, up to the most distant point they have reached before returning to the 
nest. Each flag received a numbering code per colony and per trail branch, and had its position 
mapped by using a measuring tape that provided flag-to-flag distance. A compass determined 
the cardinal direction of the flag in relation to each other. Each flag was then registered on a 
squared paper using a 1:10 scale (10 cm corresponding to 1 m), in which the direction and 
distance of each flag to the nest entrance was determined. The home range of each colony was 
estimated using R software (R Core Team, 2018) with the package “adehabitatHR”. 
 
Worker size and load carriage 
Laden workers monitored in the field were preserved in 70% alcohol and brought 
to the laboratory to examine the relationship between worker size, load and hitchhikers. Worker 
size was assessed by measuring (to the nearest 0.01 mm) the eye-to-eye head width (from the 
outer surface of an eye to the other). Once in frontal view through a Leica magnifier (model 
M205 C), the worker was measured using the Leica Application Suite software (version 4.0). 
Ants, their respective loads, and hitchhikers were oven-dried through a standard 
process: 60 ºC for 48 hours. Individual organisms and culturing substrates were weighted 
separately to the closest 0.00001 g using an Ohaus Corporation analytical balance; model 
DV215CD, Class I, with a 0.00001 g detection. Because laden workers sometimes had more 
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than one hitchhiker ant associated with the load, in such cases we counted hitchhikers and 
considered the total weight of hitchhikers in the sample. The load weight relative to the ant 
weight, known as burden, was calculated through the following formula: 
B = Lm/ Am 
Where B is the burden of the ant forager, Lm is the total load dry mass (culturing substrate + 
hitchhikers), and Am is the ant dry mass (see Wetterer et al., 2001).  
Considering the representativeness of ant hitchhikers, we also investigated the 
relationship between forager head width and the number of hitchhikers in the samples. To do 
so, we performed a GLM with Poisson distribution. We also performed this analysis in R 
version 3.5 (R Core Team, 2018) and calculated a pseudo-R2 as previously explained.  
To investigate if ant foragers carry substrates according with their body size, we 
performed linear mixed-effects models (LME) (using the “nlme” package, and “lme” function) 
to examine the relationship between the log-transformed values of forager head width and total 
load dry mass. We included forager head width as the main explanatory variable and colony as 
the random factor. To investigate if ants raise burden in accordance with their body size, we 
examined the relationship between the log-transformed values of forager head width and 





Ant activity was predominantly nocturnal during the rainy/hot season, peaking 
between 08:00 p.m. and 02:00 a.m. (Figure 2).  The daily activity of Acromyrmex subterraneus 
was positively affected by air relative humidity (z-value=32.9, df=47, p<0.00001, pseudo-
R2=0.18) and negatively affected by temperature (z-value=-20.6, df=47, p<0.00001, pseudo-
R2=0.06) (Figure 3). We observe in Figures 2 and 3 that ant activity peak relates to air relative 
humidity and temperature, with lower activity during periods of higher temperature and higher 
activity during periods of elevated relative humidity.  
 
Substrate for fungiculture and foraging trails 
Nearly all items collected by A. subterraneus workers for fungiculture had vegetal 
origin. The most collected substrates were fresh or dry leaves (≈67%), followed by flowers 
(≈18%) and fruits (≈10%) (Figures 1 and 4). Collection of Basidiomycete mushrooms and plant 
sap directly from the tree trunk were each observed twice. 
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Most culturing material (including fresh leaves) were collected near the nests, 
including the cases in which foragers were seen climbing onto nearby trees directly through the 
trunk or through attached vines. When foragers climbed onto a plant, they faithfully visited it 
for nearly 2 hours. Except for fresh leaves, flowers, and plant sap, all other culturing material 
were collected on the ground. Plant sap collection was recorded as returning ants entered the 
nest carrying a droplet within the mandibles.   
Colonies had one entrance and were more than 15 meters apart, guaranteeing that 
there was no overlap among colonies during observations. Trail length ranged from 0.7 to 13 
m, and estimated colony home ranges from 1.8 to 27.6 m2. These results indicate that most 
material used for fungiculture are collected near the nests (Table 1). The observed home range 
variation could be a consequence of the different sampling times per colony and/or sizes of the 
observed colonies. It wasn’t possible to estimate the colonies’s size and maturation state since 
nest mounds, which are for such estimations, were not present. 
 
Worker size and load carriage  
Forager head widths ranged from 0.98 to 2.47 mm (mean ± SE = 1.87 ± 0.01 mm). 
Forager dry mass ranged from 0.0003 to 0.0045 g (mean ± SE = 0.002 ± 0.00004 g). The pooled 
values of substrate and hitchhiker mass ranged from 0.00003 to 0.023 g (mean ± SE = 0.004 ± 
0.0001 g). Hitchhikers (Figure 1) were present in circa 50% of all samples and represented 1 
to 89% (mean ± SE = 28 ± 0.91 %) of the total load carried by the foragers. The GLM indicated 
that the presence of hitchhikers was positively related with forager size (df=596, SE=0.16, z-
value=3.6, p=0.0003, pseudo-R2=0.01).  
The total load was positively related to forager head width (df=590, SE=0.30, t-
value=6.82, p<0.0001; Figure 5A), indicating that bigger ants carried heavier substrates, 
irrespective of the type of substrate (Leaf: df=409, SE=0.27, t-value=4.77, p<0.0001, Non-
leaves: df=172, SE=0.59, t-value=4.9, p<0.0001; Figure 5B). Inversely, the burden was 
negatively related to forager head width (df=590, SE=0.30, t-value=-2.50, p=0.01; Figure 6A), 
indicating that bigger ants carried loads that were less heavy in relation to their own weight. 
This tendency regarding burden, however, depends on the type of culturing substrate: it is 
significant for leaves but non-significant for non-leaf culturing items (Leaves: df=409, SE= 







Overall, our study shows that A. subterraneus presents nocturnal activity in the 
Cerrado. During the wet season, foragers collect mainly fresh leaves as culturing substrate, 
followed by flowers and fruits. Trunks trails are short, up to 13 m, indicating that this species 
collects culturing material mostly near the nest. Larger foragers carried heavier loads (leaf or 
non-leaf items) and sustained lower burdens when carrying leaf items.  
The activity pattern of A. subterraneus is negatively related with temperature and 
positively related with air relative humidity in Cerrado. Dial activity of several ant species are 
known to be a consequence of their physiology and are affected by changes of abiotic factors 
(Heinrich, 1993), most notably, temperature (Cerdá, et al., 1998; Porter & Tschinkel, 1993). As 
such, several species can adjust their daily rhythm to match the preferred temperature, including 
leaf-cutting ants (Hölldobler & Wilson, 1990, 2011). In the case of leaf-cutting ants, even 
though species can present both nocturnal and diurnal activity patterns (Fowler & Robinson, 
1979; Wetterer, 1990b), the former frequently relate to the avoidance of high temperatures. In 
such cases, foragers exhibit nocturnal habits during summer (Fowler & Robinson, 1979; 
Nickele et al., 2016) and shift to diurnal foraging during colder months (Fowler & Robinson, 
1979). Cerrado areas typically present elevated temperatures (Bieras & Das Graças Sajo, 2009) 
that could induce the adoption of nocturnal habits by ants. In addition, it is known that ants in 
tropical environments adopt a nocturnal activity pattern more frequently since tropical regions 
present high temperature and low relative air humidity during the day (e.g. Camargo & Oliveira, 
2012; Fourcassié & Oliveira, 2002; Orr & Charles, 2007). Relative air humidity is known to 
influence the daily foraging cycle of colonies (Levings, 1983), and may increase foraging 
activity when associated with high temperatures (e.g. Hölldobler & Möglich, 1980, Rosengren, 
1977). We showed that nocturnal foraging during summer in A. subterraneus was significantly 
related to relative air humidity, as also recorded by Nickele et al. (2016) in Pinus taeda 
plantation.  
Acromyrmex species collect a wide range of substrates for nurturing the symbiont 
fungus, including seeds and fruits, insect frass, and arthropod carcasses (see De Fine Licht & 
Boomsma, 2010; Leal & Oliveira, 1998; Oliveira et al., 1995; Wetterer et al., 1998). We 
showed that A. subterraneus collects mostly leaves (fresh and dry), including less frequently 
other types of plant-derived items such as flowers, fruits, and sap. The only non-vegetable 
matter collected by the ants were basidiomycete fruiting bodies, also recorded for Acromyrmex 
lundi and A. lobicornis in Argentina (Lechner & Josens, 2012; Masiulionis et al., 2013). As 
seen in A. subterraneus with tree trunk exudate, collection of liquid substrates has also been 
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recorded in non-leaf-cutter species in the Cyphomyrmex group, which may even nurture the 
symbiont fungus with extrafloral nectar (Murakami & Higashi, 1997; Mehdiabadi & Schultz, 
2009). As for leaf-cutting ants, the literature proposes that foragers of some species feed directly 
on the sap contained in the leaves they cut for fungiculture and acquire carbohydrates from 
them (Bass & Cherrett, 1995; Hölldobler & Wilson, 2011; Littledyke & Cherrett, 1976; Quinlan 
& Cherrett, 1979). Further investigation on the use of liquid substrate by leaf-cutting ants could 
elucidate whether it is used solely for direct feeding of the ants, or as culturing substrate for the 
fungus symbiont as well. 
Leaves (fresh and dry) were the most collected item for fungiculture by A. 
subterraneus. Leaves represent nearly 70% of the total litterfall in Cerrado (Valenti et al., 
2008), which matches the leaf fraction (fresh and dry) in our samples (67%) of culturing 
material collected by A. subterraneus (Figure 4). In our study area, annual plants abscise leaves 
from May to August (Mantovani & Martins, 1988). Since N resorption is not efficient in 
Cerrado, the leaflitter presents high N concentration (Kozovits et al., 2007). Indeed, the 
preference for nitrogen-rich culturing substrate by leaf-cutting ants has already been shown by 
Berish (1986) for Atta cephalotes, and by Mundim et al. (2009) for Atta laevigata in the 
Cerrado. As such, by collecting fresh and dry leaves, including those available in the leaflitter, 
ants are not only gathering the most abundant culturing substrate, but also fulfilling the 
nutritional requirements of the symbiont fungus (Berish, 1986). In Cerrado areas of southeast 
Brazil, including the reserve at Mogi-Guaçu, most plants produce flowers and fruits during the 
rainy season (Mantovani & Martins, 1988; Batalha et al., 1997), when we performed our field 
observations. This may partially explain the high frequency of flowers and fruits collected by 
A. subterraneus as substrate for fungiculture, especially when these items are available in high 
quantities nearby their nests (Vasconcelos, 1990; Fowler & Robinson, 1979; Leal & Oliveira, 
1998; Oliveira et al., 1995). The degree to which A. subterraneus selects culturing substrates 
in accordance to season remains to be investigated in Cerrado savanna, but flowers are known 
to present lower toughness and lower weight compared to leaves, and also tend to lack defensive 
secondary compounds, characteristics which are preferred by ants (Nichols-Orians & Schultz, 
1989; Saverschek et al., 2010). Regarding the use of fruits, Christianini et al. (2012) suggest 
that these would be a high quality culturing substrate because they contain low concentrations 
of secondary metabolites. These traits may allow ant foragers to cut and transport flower 
material more easily and faster compared to other substrates (Hölldobler & Wilson, 1990, 2008, 
2011; Nichols-Orians & Schultz, 1989; Saverschek et al., 2010), and achieve high foraging 
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(Nichols-Orians & Schultz, 1989) and information transfer rates (Roces & Hölldobler, 1994; 
Röschard & Roces, 2011). 
Most A. subterraneus foragers collected culturing items nearby their nests, using 
trails ranging  2 to 13 m (Table 1). Atta species can have trunk trails reaching several hundred 
meters to collect culturing substrate (Wirth et al., 2003; Hölldobler & Wilson, 2011; and 
references therein), whereas other fungus-farming ants, especially the non-leaf-cutters, usually 
forage within a small area (Hölldobler & Wilson, 1990; Leal & Oliveira, 2000; Pitts-Singer & 
Espelie, 2007; Ronque et al., 2019). Some non-leaf-cutter Neoattina, such as Trachymyrmex 
and Sericomyrmex, tend to forage on fallen plant matter nearby their nests (Mehdiabadi & 
Schultz, 2009; Ronque et al., 2019), as documented here for A. subterraneus. Based on our 
results, the foraging habits of A. subterraneus can be considered intermediate between Atta 
species and other fungus-farming ants. Nickele et al. (2015) showed that young Acromyrmex 
colonies had short trails, between 1 to 5 m, in which there was nearly no substrate transfer and 
cache formation. Although the range of trail length in A. subterraneus (Table 1) was larger 
compared to those reported in Nickele et al. (2015), no transfer of culturing items between 
foragers or formation of caches were seen in the field. Leaf-cutter foraging distance can be 
affected by seasonal availability of culturing substrates. Indeed, in the semi-arid caatinga, the 
foraging area of Atta opaciceps colonies during the dry season was nearly fivefold that of the 
rainy season (Siqueira et al., 2018). Since our study with A. subterraneus was performed during 
the rainy season, the observed short trails could result from a high availability of substrates in 
this season. This, however, remains to be investigated. 
We detected a positive relationship between the forager’s head width and load 
mass in A. subterraneus. Similar relationships were previously found in Atta (e. g. Rudolph & 
Loudon, 1986; Van Breda & Stradling, 1994; Wetterrer, 1990a) and Acromyrmex species 
(Norton et al., 2014; Roces & Núñez, 1993; Wetterer, 1990a, 1991, 1995), and has been 
interpreted as a direct consequence of the leaf-cutting process and/or food item quality. Worker 
polymorphism in Acromyrmex species are milder than in Atta species (Hölldobler & Wilson, 
2008, 2011), which led to the investigation of behavioral flexibility during foraging in 
Acromyrmex, as also examined in Atta (e. g. Rudolph & Loudon, 1986; Van Breda & Stradling, 
1994). Acromyrmex octospinosus foragers have been reported to carry heavier loads when 
returning to the nest vertically downwards than when returning horizontally or vertically 
upwards. This individual choice indicates that A. octospinosus presents a flexible response to 
the environment in the laboratory (Norton et al., 2014). We observed A. subterraneus climbing 
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nearby trees and shrubs to search for culturing substrate, but whether or not individual foragers 
exhibit behavioral flexibility during foraging awaits further investigation. 
Most items collected by A. subterraneus were leaves, whose traits like toughness, 
thickness and density affect the relationship between forager size and load weight (Rudolph & 
Loudon, 1986; Van Breda & Stradling, 1994). Here, this relationship was positive and 
maintained regardless of the type of substrate harvested. Since no transport chains or leaf caches 
were observed in the field, we assume all carriers were also cutters, as seen previously for A. 
subterraneus by Nickele et al. (2015). Since cutting activity is energetically costly (Lighton et 
al., 1987), the mass of substrate load may be limited by ant size, which maintains foragers 
within their transport capacity. 
Burden was negatively related to forager head width when considering all types 
of culturing substrate collected by A. subterraneus. Indeed, large leaf-cutter ants have 
proportionally smaller legs than small ants (Feener et al., 1988), which affects the forager’s 
balance and load selection (Burd, 2000a, 2000b). If only non-leaf items are considered, 
however, burden is not significantly related with ant size (Figure 6). Since non-leaf substrates 
tend to be scarcer than leaves through time, carrying small non-leaf items (which exert less 
burden) may help colonies retrieve such resources more efficiently. Indeed, Roces & Núñez 
(1993) showed that leaf-cutting ants carry lighter pieces of substrate to improve information 
transfer.  
In this chapter, we provided novel qualitative and quantitative data on the natural 
history and foraging ecology of A. subterraneus in a Cerrado vegetation within a reserve. 
Perfoming the study on a reserve is important, since most studies regarding the foraging and 
natural history of Acromyrmex species are performed in crop areas or laboratory and the study 
area comprises a threatened biome, the Cerrado savanna. This differentiates this work when 
compared to previous studies. The activity rhythm indicates that these ants present a nocturnal 
habit during summer. Such daily activity pattern is probably a consequence of the species 
adaptiveness to the best microclimate to perform foraging tasks. The short length of the 
observed trails could reflect the resource availability during the rainy season, as the ants would 
need not search through large areas in order to obtain suitable substrate. The culturing substrates 
collected by the ants were diverse, including leaves (both fresh and dry), flowers, fruits, leaf 
petioles and even trunk tree sap and mushrooms. Nonetheless, forager ants collect mostly fresh 
leaves, probably the most readily available substrate during the rainy season. Larger ants carry 
heavier substrates but most likely maximize their information delivery rate by carrying 
substrates of lower burden. Our study provides a detailed assessment of the natural history and 
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foraging of A. subterraneus, reinforcing the importance of data on the basic biology of a given 
species, especially in a preserved area of a highly threatened biome, such as the Cerrado 
savanna.   
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Table 1. Estimated home ranges of Acromyrmex subterraneus in a Cerrado reserve at Mogi-





of trails  
Range of 
trail length (m) 
Estimated home 
range (m2) 
N1 3 0.74 - 4.43 4.47 
N2 5 1.91 - 5.90 10.02 
N3 1 6.15 4.19 
N4 5 1.90 - 13.02 13.75 
N5 9 2.96 - 10.79 27.55 



























Figure 1. Collection of culturing substrate by Acromyrmex subterraneus in a Cerrado reserve 
in Mogi-Guaçu, southeast Brazil. (A) Worker carrying a leaf fragment with riding hitchhiker; 
(B) Removal of pulp material from fallen fruit; (C) Flags delimiting the trail system of colony 
N4. The observed cleared path is human made, not a consequence of the ants’ foraging activity; 
(D) A view of the fungus garden showing workers using Acalypha and flowers of the genus 
Solidago (goldenrod) as culturing substrate. 
 
Figure 2. Daily variation in the foraging activity of Acromyrmex subterraneus in a Cerrado 
reserve in Mogi-Guaçu, southeast Brazil. Foraging activity is expressed as the sum of inbound 
and outbound workers (data are means ± SE, N=4 nests). Air temperature and relative humidity 
were recorded simultaneously during each sampling of ant activity. The blue fragmented line 
represents the relative humidity (%) and the red continuous line represents the temperature (℃). 
Data collected from February to March 2017.  
 
Figure 3. Generalized linear models with Poisson distribution assessing the influence of air 
temperature (A) and relative humidity (B) on the foraging activity of Acromyrmex subterraneus 
in the Cerrado reserve of Mogi-Guaçu, southeast Brazil. The daily activity was negatively 
affected by temperature (z-value=-20.6, p<0.00001, pseudo-R2=0.06) and positively affected 
by relative humidity (z-value=32.9, p<0.00001, pseudo-R2=0.18).  
 
Figure 4. Material collected by Acromyrmex subterraneus in the Cerrrado reserve of Mogi-
Guaçu, southeast Brazil. Numbers above the bars refer to number of records. Data are based on 
27 hours of observation (intermittent sessions) during foraging activity of six colonies. Data 
collected from February to March 2017.  
 
Figure 5. Scatterplots representing the relationship between the log-transformed values of total 
load mass (g) as a function of forager head width (mm). Total load mass was A) positively 
related with forager head width (df=590, SE= 0.30, t-value=6.82, p<0.0001), B) regardless of 
the type of culturing substrate carried (Leaf: df=409, SE= 0.27, t-value=4.77, p<0.0001; Non-
leaves: df=172, SE= 0.59, t-value=4.9, p<0.0001). In B), red dots represent the use of leaves as 




Figure 6. Scatterplots representing the relationship between the log-transformed values of 
burden (load mass (g)/ant mass (g)) as a function of forager head width (mm). Burden was A) 
negatively related with forager head width (df=590, SE=0.3, t-value=-2.5, p=0.01), but B) this 
relationship is dependent on the culturing substrate (Leaf: df=409, SE=0.27, t-value=-5.26, 
p<0.0001; Non-leaves: df=172, SE= 0.59, t-value=-0.01, p=0.99). In B), red dots represent the 
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Several worker sub-castes may occur in ant colonies, including physiological, morphological, 
and temporal sub-castes. Leaf-cutting ants present intricate division of labor among worker sub-
castes during brood care, fungus garden maintenance, substrate foraging and processing. For 
colony survival, the fungus garden must be healthy, and tasks efficiently divided among worker 
sub-castes. Worker behavior is key for colony maintenance in fungus-farming ants, and here 
we provide a qualitative and quantitative account of the intracolonial behavioral pattern of 
Acromyrmex subterraneus Forel (1893), a common leaf-cutter species in Brazilian Cerrado. We 
produced quantitative ethograms of the worker sub-castes for three colonies. Our study with A. 
subterraneus shows that performance of major behavioral categories and composition 
behavioral repertoires are important parameters distinguishing labor by worker sub-castes. 
Minors regularly executed brood and fungus-related tasks, whereas media and majors executed 
mostly foraging-related tasks. Grooming was frequent in all sub-castes. Overall, the behavioral 
patterns reported in A. subterraneus are similar to those reported for worker sub-castes of other 
leaf-cutters. The tasks executed by different sub-castes of A. subterraneus closely resemble the 
division of labor observed in Atta colonies, suggesting that alongside the use of fresh leaves as 
culturing substrates, a highly conserved set of worker behaviors persist since the origin of the 
lineage which originated such habit. This study adds to our understanding of how behavioral 
repertoires mediate colony organization in fungus-farming ants, and how they might have been 
shaped through evolution. 
Key Words: Acromyrmex subterraneus, ants, Cerrado vegetation, division of labor, ethogram, 
















Different levels of sociality exist in insects; termites, ants, some thrips, bees and 
wasps are considered eusocial (Chapman et al., 2000, Wilson, 1971). Eusociality is defined by 
the following characteristics: overlapping generations within a colony of adults, cooperative 
brood care, and a division of labor into reproductive and non-reproductive groups. In ants, 
individuals of highly populated colonies are differentiated in classes based on variable traits; a 
phenomenon known as polyphenism (Anderson & McShea, 2001; Kamhi et al., 2017). Such 
variable traits, considered discrete phenotypes, relate to physiological, temporal, and 
morphological characteristics of the individuals of the colony. Using these variable traits of 
physiology, age and body shape/size, studies classify individuals in castes, and different castes 
tend to perform distinct tasks in the colony (Anderson & McShea, 2001; Wilson 1971). The 
eusocial mode of life with intracolonial division of labor associated with phenotypic plasticity 
is considered a main attribute accounting for the ants’ ecological success (Dupuis & Harrison, 
2017; Gordon & Traniello, 2018).  
Among ants, physiological castes differentiate individuals according to their 
reproductive status (Wheeler, 1986, 1991). There are two physiological castes: workers 
(apterous sterile females, which polyphenic determination is influenced by genetic and 
environment factors), and reproductives (fertile males and females) (Hölldobler & Wilson 
1990; Silva & Feitosa, 2018). Due to generation overlap, division of labor may accordingly 
change with an individual’s age, a phenomenon known as age polyethism (Camargo et al., 
2007; Forti et al., 2004; Wilson 1971). Worker age-based task execution is hormone-regulated, 
leading to behavioral changes (Norman & Hughes, 2016; Wheeler, 1986, 1991). Young ants 
usually act as nurses within the nest, rearing juveniles and the queen(s). As they age, workers 
tend to perform activities outside the nest such as foraging and refuse dump management 
(Anderson & McShea, 2001; Beshers & Traniello, 1996; Wilson, 1980a). Because these tasks 
are dangerous due to predation and infection risks (Ballari et al., 2007), at the colony level it 
seems adaptive to leave them under the care of older workers (Hölldobler & Wilson, 1990).   
Polymorphism within castes characterize sub-castes, differentiated by body 
measurements (Wheeler, 1986, 1991; Wilson 1971). Sub-castes can mediate task specialization 
among nestmates and are part of the phenotypic plasticity of the colony (Hölldobler & Wilson, 
1990, 2008; Norman et al., 2017); sub-castes are sometimes produced depending on colony 
needs (Lilico-Oachour & Abouheif, 2017). Polymorphism in ant colonies is uncommon, being 




Leaf-cutting ants illustrate how worker sub-castes function together to execute 
tasks that maintain both the structure and sanitary conditions of the nest and the symbiont 
fungus (Hölldobler & Wilson, 2011; Wilson, 1980a). These ants are known as fungus-farming 
ants (Formicidae, Myrmicinae, Attini, Attina) because they cultivate a symbiont fungus inside 
the nest and use it as food source. Attina ants may collect a variety of items for fungiculture, 
including arthropod feces, plant detritus, insect corpses, and fresh plant parts (Mehdiabadi & 
Schultz, 2009; Ronque, 2018). During the evolutionary history of fungus-farming ants, the 
highly specialized genera Acromyrmex and Atta acquired the habit of actively cutting fresh plant 
matter as substrate for fungus culturing, and are known as “leaf-cutter ants”. In the nest, the 
culturing substrate undergoes a meticulous processing by workers before assimilation by the 
symbiont fungus -- the “leaf-cutter agriculture” (Schultz & Brady, 2008). The genera Atta and 
Acromyrmex are exclusively Neotropical, ranging from south of North America to southern 
areas of Argentina -- they are found in dense humid forests, Cerrado savanna, and sand dunes 
(Hölldobler & Wilson 2011; Schultz, 1993). Due to their cutting behavior and the huge amount 
of substrate they collect, they are considered major herbivores of the Neotropics (Herz et al. 
2007b; Leal et al., 2014).   
In leaf-cutter colonies, the most common symbiont, Leucoagaricus 
gongylophorus (Agaricales: Agaricaceae), produces nutritional hyphal swellings named 
gongylidia that grow in packs named staphyla, and pass through harvesting by workers before 
being fed to nestmates (Hölldobler & Wilson, 2011). To ensure the welfare of the fungus, the 
culturing substrate passes through continuous cutting and cleaning by different-sized ants, 
whereas caretakers regularly patrol the fungus garden to keep it free from harmful 
microorganisms -- if the symbiont fungus perishes, the colony quickly dies (Currie et al., 1999). 
Therefore, the capacity to keep the nest environment free of pathogens and properly nurture the 
fungus symbiont is crucial for colony survival and requires effective and constant labor by each 
worker sub-caste (Currie et al. 1999, Currie & Stuart, 2001; Herz et al., 2008; Wilson, 1980a).   
In this chapter, we provide a qualitative and quantitative account of the 
intracolonial behavioral pattern of the Cerrado leaf-cutter ant, Acromyrmex subterraneus Forel 
1893 (Figure 1). We used captive colonies to investigate how intracolonial behaviors differ 
among worker sub-castes, and how the observed pattern fits into the evolutionary history of the 
Attina. We described the behavioral repertoire and produced quantitative ethograms of the 
worker sub-castes for three A. subterraneus colonies. We hypothesized that the intracolonial 
behavioral pattern of A. subterraneus will be in accordance with the necessities imposed by the 
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ant-fungus mutualism -- minor workers will most likely perform fungus-related behaviors, 
whereas media and major workers will most often execute foraging-related tasks. 
 
Materials and Methods 
 
Study site 
Colonies were collected in a 470-ha. Cerrado reserve near Mogi-Guaçu, São Paulo 
state, southeast Brazil (22°18’S, 47°11’W). The collected colonies were more than 15m apart 
and presented only one nest entrance, which guarantees that the observed colonies were 
independent from each other. The vegetation consisted of a forest-like ‘cerradão’, formed by 
50 to 90% of trees up to 10-12 m in height (Oliveira-Filho & Ratter, 2002). The characteristic 
climate of the region presents a dry/cold season (winter) from April to September and a 
rainy/hot season (summer) from October to March. Additional information is available at the 
official website of the reserve (http://www3.ambiente.sp.gov.br/institutodebotanica/mogi-
guacu/). 
 
Collection and Maintenance of Ant Colonies  
Colonies of Acromyrmex subterraneus (N = 3 nests) were collected during the dry 
season, and were located in the field by active searching the characteristic nest mounds and 
foraging trails of this species. Digging and collection procedures followed Schultz (1993) and 
started 50 cm from the nest entrance. Colonies were excavated all the way down to 2 m below 
the ground surface, and collections included immature, workers, queen, and the fungus garden. 
Once collected, all organisms were transported on the same day to the laboratory of the 
Universidade Estadual de Campinas. Ant voucher specimens are deposited at the “Museu de 
Zoologia da Universidade Estadual de Campinas”, São Paulo (ZUEC, Campinas, Brazil; 
registration number 6261).  
The colonies were housed in artificial nests consisting of three glass boxes 
connected by plastic tubes as illustrated in Figure 2a. The first box (Area 1) contained culturing 
material (fresh leaves and flowers) and was designated as the “foraging arena” (FA); the second 
box (Area 2) was lined with 1-cm-thick moist plaster layer to maintain humidity, and was 
assigned as the “fungus garden chamber” (FGC). The third box (Area 3) contained discarded 
material such as exhausted fungi, dead nestmates, and unused culturing substrate, and was 
labelled as the “refuse dump” (RD) (Ronque, 2018; Schultz, 1993). Captive colonies were 
cultured at 25º C and 80% relative humidity, under a 12:12 hour lighting regimen (artificial 
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light from 07.00 to 20.00 h). Colonies were provided ad libitum with culturing substrate and 
water (moistening of plaster floor) three times a week. Substrate for fungus culturing included 
fresh leaves of Acalypha wilkesiana (Euphorbiaceae) and fresh flowers of Bauhinia (Fabaceae), 
Rosa (Rosaceae), and Hibiscus (Malvaceae).  
 
Behavioral observations 
Ants were given a week to habituate to the laboratory conditions. Morphological 
worker sub-castes were categorized by head width into minor, media and major workers 
(Figure 2b), following Forti et al. (2004).  
We used three queenright colonies ( 1100 to 1700 workers) to gather behavioral 
data of A. subterraneus. Seven hours of preliminary observations provided the list of behavioral 
acts and categories applied for the quantitative samplings (Table 1). Ethogram data were taken 
in intermittent 1-hour sessions, totaling 7 hours of observation per sub-caste per colony (21 
hours per colony). The quantitative ethograms were produced by scan samplings (Altmann, 
1974; Lehner 1996). Each scan lasted 10 min; after a 5-min interval, a new scanning was made, 
and so on. 
Calculation of sampling coverage per colony and sub-caste followed Fagen and 
Goldman (1977), according with the formula:  




Where “Ɵ” is the sampling coverage, “N1” is the number of behavioral acts 
observed only once, and “i” the total of acts observed. Values of Ɵ between 0.90 and 1 indicate 
sampling sufficiency. The relative frequency of each behavioral act per sub-caste per colony 
was calculated by dividing the number of times the act was performed by the total acts 
performed by sub-caste (Wilson, 1976). Behavioral acts that were functionally related were 
grouped into major behavioral categories as follows (Table 1): “Brood and Queen Care”, 
“Foraging”, “Fungus Care”, “Grooming”, “Interaction between workers”, “Interaction with 
Refuse Dumps and Dead Workers”, “Locomotion”, “Nest Maintenance”, “Other activities”, 
and “Stationary” (see also Wilson, 1976, Murakami & Higashi, 1997, Ronque, 2018). 
 
Statistical Analyses 
All analyses were performed using the R Software, version 3.5.0 (R Core Team, 
2018). We generated the Heatmap of the behavioral acts with the package “gplots” (function 
heatmap.2). The Heatmap’s dendrogram was constructed using Bray-Curtis dissimilarity 
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(vegan package, function vegdist). For clearer visualization of the relative frequencies of each 
behavioral act, we removed acts with less than 1% of relative frequency. We used the log-
transformed behavioral category data within a linear mixed effects model (LME) to investigate 
variations in the frequency of behavioral categories among sub-castes. Sub-castes and 
behavioral categories acted as the main explanatory variable (fixed factor) and colony of origin 
as a random factor. We used pairwise comparisons through Tukey test (lsmeans package, 
function lsmeans) to distinguish sub-castes in relation to the frequency of each behavioral 
category. PERMANOVA analysis, performed with the vegan package (adonis function), 
quantified the compositional similarities between behavioral repertoires among sub-castes via 
Bray-Curtis dissimilarity. We performed principal component analysis (PCoA), using Bray-
Curtis dissimilarity (ape package, function pcoa), to graphically visualize differences in the 
behavioral repertoire among sub-castes. Additionally, we identified the behavioral categories 
responsible for the differences in behavioral repertoires among sub-castes, based on Bray-
Curtis dissimilarity (vegan package; simper function). SIMPER showed the contribution of 




 General behavioral patterns and worker sub-castes 
The behavioral catalog and quantitative ethogram of worker sub-castes of the 
three colonies of Acromyrmex subterraneus are presented in Table 1. Overall, the most 
executed major behavioral categories were “Foraging”, “Fungus Care”, “Grooming”, 
“Locomotion”, and “Stationary” (Figure 3a). Ethogram data per sub-caste, however, revealed 
that behavioral categories are performed in different frequencies among minor, media, and 
major workers (Figure 3b, F=5.9; p<0.0001; df=18). Pairwise comparisons revealed 
differences in the following major behavioral categories between sub-castes: “Brood and Queen 
Care”, “Foraging”, “Fungus Care”, “Interaction with Refuse Dumps and Dead Workers”, “Nest 
Maintenance”, “Other activities”, and “Stationary” (Table S1).  
The composition of the behavioral repertoire differed among the sub-castes 
(PERMANOVA, df=2, pseudo-F=3.9, R2=0.56, p=0.03). The PCoA (Figure 4) identified 
differences in the behavioral repertoire among sub-castes in two axes. The first axis explained 
60% of the pattern and the second explained 23%. The SIMPER analysis (Table 2) revealed 
that the behavioral categories contributing to the dissimilarity between the minor/media and 
minor/major sub-castes were “Foraging”, “Fungus Care”, “Locomotion”, and “Stationary”. The 
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behavioral categories responsible for the dissimilarity between media/major worker sub-castes 
were “Foraging”, “Grooming”, “Locomotion”, and “Stationary” (Table 2). 
 
Behavioral acts and worker sub-castes 
Self-grooming was by far the most frequent ( 14%) behavioral act performed by 
workers in the minor sub-caste (Table 1). On the other hand, the most frequent behaviors by 
media and major workers ( 11 to 19%) were self-grooming, manipulate substrate, and 
stationary (see Table 1). The dendogram in the Heatmap (Figure 5) clustered media and major 
workers, and separated these sub-castes from the minors. This indicates that media and major 
workers were more similar to one another regarding the frequency of particular behavioral acts, 
most notably the manipulation of culturing substrate and inactivity. 
 
Discussion 
Our ethogram data show that intracolonial behavior differs significantly among 
worker sub-castes of Acromyrmex subterraneus. Minor, media and major workers differed in 
the allocation of labor to three general behavioral categories assigned as “Foraging”, “Fungus 
Care”, and “Stationary”. Overall, media and major sub-castes are behaviorally more similar to 
one another than to minors, which form a distinct behavioral group. Our study shows that 
behavioral differentiation among worker sub-castes occurs not only in the frequency of 
particular behavioral acts, but also in composition of the whole behavioral repertoire by each 
sub-caste. Such behavioral distinction among worker sub-castes could result from variable 
developmental pathways leading to labor specialization by each group (Corona et al., 2016; 
Huang et al., 2013; Wheeler, 1986, 1991).  
Usually, Acromyrmex species present three or four sub-castes (Camargo et al., 
2007; Forti et al., 2004), and our behavioral analysis confirmed the existence of differences in 
both frequency and composition of behavioral repertoires among three well-distinguished sub-
castes established within colonies of A. subterraneus. The observed behavioral repertoire in this 
species was greater than most repertoires previously recorded for fungus-farming ants, 
consisting of 10 major behavioral categories containing 46 behavioral acts (Table 1). These 
values far exceed the 29 behavioral acts and tasks found by Camargo et al. (2007) and Wilson 
(1980a) for A. subterraneus brunneus and Atta sexdens, respectively. The breadth of our 
behavioral repertoire, however, is within the range (37 to 49 behavioral acts) recorded by 
Ronque (2018) for the so-called “lower attines” of the Brazilian Atlantic rainforest -- 
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Mycocepurus smithii, Mycetarotes parallelus, Mycetophylax morschi, Sericomyrmex parvulus, 
and S. saussurei. 
Locomotion, grooming, and fungus care were very frequent behaviors in the 
colonies of A. subterraneus. Indeed, there is intense traffic between nest compartments to 
perform the sequential tasks associated with fungus culture. For instance, foragers locate and 
cut culturing substrate in the foraging arena and transport these to the fungus garden chamber, 
where they will be processed or discarded in the refuse dump (Garrett et al., 2016). This chain 
of events force individuals to move repeatedly between nest compartments, which make 
colonies more prone to disease spread due to constant contact between nestmates coming from 
or going to different places (Farji-Brener et al., 2016; Waddington & Hughes, 2010). As such, 
pathogens from inside and outside the nest environment can easily spread and make both 
workers and the symbiont fungus vulnerable to infections that could lead to death of the fungus, 
and of the entire colony due to starvation (Currie et al., 1999). Therefore, not only the culturing 
substrates carried into the nest need to be cleaned several times, but also workers constantly 
self-groom and are groomed by nestmates (Richard & Errard, 2009). Allogrooming (social 
grooming), however, could act as a double-edged sword for colony immunity since 
allogroomers may also transfer pathogens to nestmates (Fefferman et al., 2007, Theis et al., 
2015). In the case of A. subterraneus, grooming has been reported as an important mechanism 
of communication and recognition in the colony by transferring surface substances (cuticle 
hydrocarbons) among nestmates, which homogenizes colony odor (Camargo et al., 2006). As 
such, both locomotion (associated with substrate processing) and grooming (associated with 
asepsis) are important behaviors for the maintenance of both the fungus symbiont and the ant 
colony. 
Preventing the entry of pathogens in the nest and nurturing the fungus properly 
are not, however, enough to keep the symbiont healthy. It is necessary that worker caretakers 
closely monitor the fungus and constantly patrol it, cutting down and grooming areas infected 
with alien fungi or sickly symbiont hyphae (Currie & Stuart, 2001). These behaviors prevent 
the spread of contaminants in the symbiont fungus, preventing its death. Licking, for instance, 
constitutes an important behavior in the “Fungus Care” category, because leaf-cutters have 
antibiotics in their metapleural glands (Quinlan & Cherrett, 1978; Poulsen et al., 2002). 
Therefore, by continuously licking and weeding the symbiont fungus, caretakers prevent 
bacterial contamination and dispatch them through infrabucal pocket pellets (Currie & Stuart, 




Our ethograms showed that minor workers are mostly concerned with tasks 
related with the grooming of brood and queen, and the maintenance of the fungus garden. Minor 
workers manipulate and clean symbiont hyphae more easily than larger sub-castes, and react 
first to invasive fungus and to changes in the symbiont garden (Abramowski et al., 2011). The 
other sub-castes are responsible for discarding the contaminated parts of the fungus in the refuse 
dump (Currie & Stuart, 2001). Specialization of the minor sub-caste for fungus care is further 
supported by the fact that their infrabucal pockets are small and allow the filtering of minute 
particles from the symbiont surface (Quinlan & Cherrett, 1978). The high frequency of brood 
and queen care by minors may have to do with the fact that in this sub-caste the behavioral 
repertoire changes little with age (Camargo et al., 2007), effectively making these individuals 
lifetime nurses.  
Media and major workers of A. subterraneus stood out for the high frequency of 
both foraging and stationary behavior (Figure 3b, Table S1). Among leaf-cutter species, these 
sub-castes are usually responsible for foraging, since the workers have large/strong mandibles 
that allow the manipulation/cutting of hard substrate for fungiculture (Schofield et al., 2002, 
2011; Wilson, 1980a, 1980b). Media and major workers remain largely stationary probably 
because foraging is the most energetically costly task executed by leaf-cutting ants (Burd, 1996; 
Roces & Lighton, 1995). Indeed, leaf-cutters may take turns to switch the foraging effort and 
prevent excessive wear of the workers, as suggested by Hasegawa et al. (2016). In the case of 
A. subterraneus, Camargo et al. (2007) have shown that foraging tasks are performed mostly 
by the old workers, which could lead to further physiological strain of their bodies. 
Overall, the behavioral patterns reported in this study are similar to the results 
obtained for worker sub-castes of other ant species, including leaf-cutters (Camargo et al., 2007; 
Lilico-Oachour & Abouheif, 2017; Wilson, 1976, 1980a). Our study with A. subterraneus 
shows that performance of major behavioral categories and the composition of behavioral 
repertoires are important parameters distinguishing labor by worker sub-castes. The types of 
tasks executed by different sub-castes of A. subterraneus closely resemble the social 
organization and division of labor observed in Atta colonies (Wilson, 1976, 1980a) and other 
monomorphic or weakly polymorphic fungus-farming ants (Ronque, 2018). This suggests that 
alongside “leaf-cutter agriculture”, a highly conserved set of worker behaviors persist since the 
origin of the leaf-cutting lineage, or even of the whole lineage of fungus-farming ants 
(Mehdiabadi & Schultz, 2009). Further behavioral studies comparing the repertoires of 
Acromyrmex to Trachymyrmex and Sericomyrmex species (non-leaf-cutters that occasionally 
cut leaves), should clarify what kinds of behavioral changes (in frequency or composition) 
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emerged due to the leaf-cutting habit, and which behaviors persisted through evolutionary 
conservatism. This study highlights the importance of applying new approaches to behavioral 
studies of insect societies, which may help understand how behavioral repertoires mediate 
colony organization, and how they might have been shaped through evolution. 
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Table 1. Behavioral repertoire and quantitative ethogram of the three studied colonies of the fungus-farming ant Acromyrmex subterraneus. Functionally related 
behavioral acts are grouped within major behavioral categories. The table provides the absolute value of each behavior, followed by their relative frequency (%) 
in parentheses. A hifen (-) indicates the behavior was not observed and (0) indicates that the behavior was observed during the qualitative assessment but not 
during the ethogram quantitative observations. N indicates the initial number of individuals in each colony.  Sampling coverage (Ɵ) follows Fagen and Goldman 
(1977). 
 
Behavioral Categories Colony 1 (N = 1105)   Colony 2 (N = 1200)   Colony 3 (N = 1717)   
  Minor Media Major Total Minor Media Major Total Minor Media Major Total 
Brood and Queen Care 
  
 
   
 
   
 
   Antennate Queen 0 0 0 0 3(0.2) 0 0 3(0.1) 2(0.1) 0 0 2(0.04) 
   Lick Queen 0 0 0 0 2(0.1) - - 2(0.04) - - - - 
   Manipulate Brood 17(1.1) 9(0.5) 6(0.4) 32(0.7) 18(1.1) 2(0.1) 4(0.2) 24(0.5) 6(0.4) 2(0.1) 1(0.1) 9(0.2) 
(Total score in the category) 17(1.1) 9(0.5) 6(0.4) 32(0.7) 23(1.4) 2(0.1) 4(0.2) 29(0.6) 8(0.5) 2 (0.1) 1(0.1) 11(0.2) 
Foraging 
   
 
   
 
   
 
   Hold Substrate 2(0.1) 18(1.1) 21(1.5) 41(0.9) 6(0.4) 21(1.4) 27(1.6) 54(1.1) 0 17(1.1) 19(1.3) 36(0.8) 
   Manipulate Substrate 68(4.2) 159(9.3) 85(5.9) 312(6.5) 206(12.4) 299(20.1) 291(16.9) 796(16.3) 29(1.9) 262(16.4) 246(16.6) 537(11.6) 
   Transport Substrate 12(0.8) 57(3.3) 25(1.7) 94(2.0) 26(1.6) 101(6.8) 99(5.7) 226(4.6) 9(0.6) 81(5.1) 67(4.5) 157(3.4) 




   
 
   
 
   Antennate Fungus 26(1.6) 31(1.8) 46(3.2) 103(2.2) 25(1.5) 18(1.2) 36(2.1) 79(1.6) 36(2.3) 21(1.3) 47(3.2) 104(2.3) 
   Bite Fungus 22(1.4) 5(0.3) 11(0.8) 38(0.8) 16(1.0) 12(0.8) 13(0.8) 41(0.8) 98(6.4) 8(0.5) 19(1.3) 125(2.7) 
   Lick Fungus 43(2.7) 17(1.0) 16(1.1) 76(1.6) 113(6.8) 43(2.9) 35(2.0) 191(3.9) 152(9.9) 37(2.3) 28(1.9) 217(4.7) 
   Manipulate Fungus Fragment 63(3.9) 4(0.2) 3(0.2) 70(1.5) 74(4.5) 5(0.3) 2(0.1) 81(1.7) 130(8.4) 20(1.3) 3(0.2) 153(3.3) 
   Transport Fungus 33(2.1) 6(0.4) 1(0.1) 40(0.8) 30(1.8) 12(0.8) 8(0.5) 50(1.0) 64(4.2) 25(1.6) 8(0.5) 97(2.1) 
(Total score in the category) 187(11.6) 63(3.7) 77(5.3) 327(6.8) 258(15.6) 90(6.1) 94(5.5) 442(9.1) 480(31.1) 111(6.9) 105(7.1) 696(15.0) 
Grooming 
   
 
   
 
   
 
   Allogrooming 98(6.1) 72(4.2) 15(1.0) 185(3.9) 156(9.4) 34(2.3) 13(0.8) 203(4.2) 31(2.0) 61(3.8) 14(1.0) 106(2.3) 
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   Self-grooming 227(14.1) 284(16.5) 228(15.7) 739(15.5) 204(12.3) 234(15.7) 341(19.8) 779(16.0) 258(16.7) 305(19.1) 283(19.1) 846(18.3) 
(Total score in the category) 325(20.2) 356(20.7) 243(16.7) 924(19.3) 360(21.7) 268(18.0) 354(20.5) 982(20.2) 289(18.7) 366(22.9) 297(20.0) 952(20.6) 
Interaction between workers 
 
 
   
 
   
 
   Antennate Gaster 4(0.3) 5(0.3) 0 9(0.2) 1(0.1) 1(0.1) 0 2(0.04) 0 0 0 0 
   Antennate Nestmate 88(5.5) 119(6.9) 85(5.9) 292(6.1) 47(2.8) 75(5.0) 53(3.1) 175(3.6) 80(5.2) 76(4.8) 48(3.2) 204(4.4) 
   Bitting Gaster 2(0.1) 2(0.1) 0 4(0.1) 1(0.1) 0 0 1(0.02) 0 0 0 0 
   Bitting Nestmate 0 1(0.1) 1(0.1) 2(0.04) 1(0.1) 1(0.1) 0 2(0.04) 0 2(0.1) 0 2(0.04) 
   Frenetically Antennating 5(0.3) 34(2.0) 23(1.6) 62(1.3) 2(0.1) 11(0.7) 12(0.7) 25(0.5) 15(1.0) 23(1.4) 27(1.8) 65(1.4) 
   Licking Agonizing Nestmate - - - - - - - - 1(0.1) 1(0.1) 0 2(0.04) 
   Transporting Nestmate 0 3(0.2) 0 3(0.1) 1(0.1) 2(0.1) 2(0.1) 5(0.1) 1(0.1) 0 0 1(0.02) 
   Trofallaxis 18(1.1) 44(2.6) 4(0.3) 66(1.4) 17(1.0) 24(1.6) 14(0.8) 55(1.1) 15(1.0) 31(1.9) 18(1.2) 64(1.4) 
(Total score in the category) 117(7.3) 208(12.1) 113(7.8) 438(9.2) 70(4.2) 114(7.7) 81(4.7) 265(5.4) 112(7.3) 133(8.3) 93(6.3) 338(7.3) 
Interaction with Refuse Dumps and Dead Workers  
   
 
   
 
   Manipulating Refuse Dump 66(4.1) 19(1.1) 4(0.3) 89(1.9) 22(1.3) 19(1.3) 6(0.4) 47(1.0) 76(4.9) 44(2.8) 4(0.3) 124(2.7) 
   Manipulate Dead Worker 24(1.5) 23(1.3) 6(0.4) 53(1.1) 31(1.9) 3(0.2) 2(0.1) 36(0.7) 0 1(0.1) 0 1(0.02) 
(Total score in the category) 90(5.6) 42(2.5) 10(0.7) 142(3.0) 53(3.2) 22(1.5) 8(0.5) 83(1.7) 76(4.9) 45(2.8) 4(0.3) 125(2.7) 
Locomotion 
   
 
   
 
   
 
   Moving from Fungus Chamber to Foraging Arena 8(0.5) 32(1.9) 11(0.8) 51(1.1) 2(0.1) 21(1.4) 18(1.0) 41(0.8) 3(0.2) 28(1.7)  25(1.7) 56(1.2) 
   Moving from Fungus Chamber to Refuse Dump 2(0.1) 8(0.5) 9(0.6) 19(0.4) 0 4(0.3) 3(0.2) 7(0.1) 7(0.5) 6(0.4) 1(0.1) 14(0.3) 
   Moving from Refuse Dump to Fungus Chamber 7(0.4) 7(0.4) 2(0.1) 16(0.3) 1(0.1) 0 3(0.2) 4(0.1) 6(0.4) 4(0.2)  0 10(0.2) 
   Moving from the Foraging Arena to Fungus 
Chamber 
9(0.6) 25(1.5) 8(0.6) 42(0.9) 4(0.2) 12(0.8) 12(0.7) 28(0.6) 1(0.1) 28(1.7)  11(0.7) 40(0.9) 
   Walking in Foraging Arena 112(7.0) 114(6.6) 147(10.1) 373(7.8) 93(5.6) 104(7.0) 150(8.7) 347(7.1) 1(0.1) 43(2.7) 27(1.8) 71(1.5) 
   Walking in Fungus Chamber 137(8.5) 92(5.4) 147(10.1) 376(7.9) 110(6.6) 45(3.0) 126(7.3) 281(5.8) 140(9.1) 70(4.4) 84(5.7) 294(6.4) 
   Walking in Plastic Tube 0 0 0 0 0 1(0.1) 3(0.2) 4(0.1) 2(0.1) 7(0.4) 4(0.3) 13(0.3) 
   Walking in Refuse Dump 112(7.0) 99(5.8) 54(3.7) 265(5.5) 63(3.8) 55(3.7) 40(2.3) 158(3.2) 42(2.7) 46(2.9) 1(0.1) 89(1.9) 
   Walking over Fungus 80(5.0) 54(3.1) 94(6.5) 228(4.8) 99(6.0) 34(2.3) 60(3.5) 193(4.0) 142(9.2) 61(3.8) 103(6.9) 306(6.6) 
   Walking over Glass 0 7(0.4) 5(0.3) 12(0.3) 1(0.1) 0 4(0.2) 5(0.1) 0 1(0.1) 2(0.1) 3(0.1) 
   Walking over Substrate 4(0.3) 15(0.9) 20(1.4) 39(0.8) 38(2.3) 66(4.4) 53(3.1) 157(3.2) 4(0.3) 86(5.4) 44(3.0) 134(2.9) 




   
 
   
 
   Antennate Plaster 1(0.1) 3(0.2) 2(0.1) 6(0.1) 0 0 2(0.1) 2(0.04) 9(0.6) 10(0.6) 3(0.2) 22(0.5) 
   Antennate Glass 11(0.7) 15(0.9) 14(1.0) 40(0.8) 1(0.1) 3(0.2) 6(0.4) 10(0.2) 4(0.3) 2(0.1) 0 6(0.1) 
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   Bite Plaster 28(1.7) 13(0.8) 3(0.2) 44(0.9) 7(0.4) 2(0.1) 3(0.2) 12(0.3) 20(1.3) 11(0.7) 3(0.2) 34(0.7) 
   Bitting Plastic Tube 0 0 3(0.2) 3(0.1) - - - - - - - - 
   Lick Glass 60(3.7) 22(1.3) 8(0.6) 90(1.9) 30(1.8) 12(0.8) 9(0.5) 51(1.1) 16(1.0) 16(1.0) 2(0.1) 34(0.7) 
   Lick Plaster 2(0.1) 0 2(0.1) 4(0.1) 9(0.5) 3(0.2) 1(0.1) 13(0.3) 48(3.1) 26(1.6) 7(0.5) 81(1.8) 
   Lick Plastic Tube 0 1(0.1) 0 1(0.02) 1(0.1) 0 0 1(0.02) 1(0.1) 3(0.2) 5(0.3) 9(0.2) 




   
 
   
 
   Attacking the "air" - - - - 0 1(0.1) 1(0.1) 2(0.04) 0 1(0.1) 11(0.7) 12(0.3) 
   Collecting minor's fecal Secretion 1(0.1) 0 0 1(0.02) 0 0 0 0 0 0 0 0 
   Licking Fecal Pellet 0 0 1(0.1) 1(0.02) 1(0.1) 0 0 1(0.02) 0 0 0 0 
   Stridulation 65(4.0) 36(2.1) 10(0.7) 111(2.3) 56(3.4) 34(2.3) 11(0.6) 101(2.1) 25(1.6) 22(1.4) 12(0.8) 59(1.3) 
(Total score in the category) 66(4.1) 36(2.1) 11(0.8) 113(2.4) 57(3.4) 35(2.4) 12(0.7) 104(2.1) 25(1.6) 23(1.4) 23(1.6) 71(1.5) 
Stationary 153(9.5) 264(15.4) 331(22.8) 748(15.7) 139(8.4) 174(11.7) 263(15.2) 576(11.8) 68(4.4) 113(7.1) 308(20.7) 489(10.6) 
Total Number of Performed Acts 1610 1719 1451 4780 1657 1488 1726 4871 1542 1601 1485 4628 
Total of Described Acts 35 38 36 46 39 35 37 46 35 38 33 46 
Total of Categories 10 10 10 10 10 10 10 10 10 10 10 10 








Table 2. Similarity percentage (SIMPER) analysis among sub-castes of Acromyrmex 








Minor vs Media Fungus Care 56.3 
 Foraging 28.3 
 Stationary 66.2 
 Locomotion 73.5 
 
Minor vs Major Fungus Care 23.6 
 Foraging 44.8 
 Stationary 64.5 
 Locomotion 73.9 
 
Media vs Major Foraging 22.6 
 Stationary 44.7 
 Locomotion 61.9 
























Figure 1. Close-up photo of the fungus garden of a captive colony of Acromyrmex subterraneus, 
illustrating the diversity of substrates used for fungus culturing, and a media worker depositing 
recently-collected substrate on the garden. (Photograph courtesy of Hélio Soares Jr.) 
 
Figure 2. General view of the artificial nests used to house the Acromyrmex subterraneus 
colonies. A) Structure of the artificial nest used for the behavioral observations: 1 = foraging 
arena; 2 = fungus garden chamber; 3 = refuse dump. B) Morphological sub-castes of A. 
subterraneus, following the size categories proposed by Forti et al. (2004): Minor worker = 
0.9-1.1mm; Media worker = 1.2-1.6 mm, and Major worker = 1.7-2.0 mm. 
 
Figure 3. Occurrence of major behavioral categories based on quantitative ethograms of three 
captive colonies of Acromyrmex subterraneus taking into account A) all castes and B) each 
sub-caste. Bars indicate mean ± SE. See also Table 1. 
 
Figure 4. Two-dimensional plot of principal coordinates analysis (Bray-Curtis distance) 
showing differences in the behavioral repertoire composition by the three sub-castes of 
Acromyrmex subterraneus. The data used are the sum of the behavioral repertoires examined 
in the sub-castes of all colonies. Bigger circles represent the centroids of the behavioral data of 
each sub-castes, and smaller circles represent the means of the corresponding sub-caste for each 
colony. 
 
Figure 5. Heatmap indicating variation in the relative frequency of behavioral acts performed 
by the sub-castes of three colonies of the fungus-farming ant Acromyrmex subterraneus. The 
variation in colors indicate the relative frequency of the behavioral acts performed, ranging 
from 0% (grey colored areas) to 40% (dark red areas). Dendrograms were generated using the 
Bray-Curtis distance matrix method. Behavioral acts with relative frequency lower than 1% 
were not considered.  Key to legend codes: FA = foraging arena, FGC = fungus garden chamber, 


























Table S1. Pairwise Tukey test statistical results for the comparison between sub-castes of 
Acromyrmex subterraneus per behavioral category. 
 
Pairwise tests SE df t.ratio p.value 
(a) Brood and Queen Care     
major vs media 0.36 58 -0.38 0.92 
major vs minor 0.36 58 -4.52 0.0001 
media vs minor 0.36 58 -4.15 0.0003 
(b) Foraging     
major vs media 0.36 58 -0.62 0.81 
major vs minor 0.36 58 2.97 0.01 
media vs minor 0.36 58 3.59 0.002 
(c) Fungus Care     
major vs media 0.36 58 0.18 0.98 
major vs minor 0.36 58 -3.17 0.007 
media vs minor 0.36 58 -3.35 0.004 
(d) Grooming     
major vs media 0.36 58 -0.29 0.95 
major vs minor 0.36 58 -0.26 0.96 
media vs minor 0.36 58 0.03 0.99 
(e) Interaction between Workers     
major vs media 0.36 58 -1.22 0.45 
major vs minor 0.36 58 -0.07 0.99 
media vs minor 0.36 58 1.15 0.49 
(f) Interactions with Refuse Dumps and Dead Workers     
major vs media 0.36 58 -4.52 0.0001 
major vs minor 0.36 58 -6.53 <0.0001 
media vs minor 0.36 58 -2.01 0.12 
(g) Locomotion     
major vs media 0.36 58 0.17 0.98 
major vs minor 0.36 58 0.05 0.99 
media vs minor 0.36 58 -0.13 0.99 
(h) Nest Maintenance     
major vs media 0.36 58 -1.58 0.26 
major vs minor 0.36 58 -3.32 0.004 
media vs minor 0.36 58 -1.74 0.20 
(i) Other Activities     
major vs media 0.36 58 -2.10 0.10 
major vs minor 0.36 58 -3.19 0.01 
media vs minor 0.36 58 -1.09 0.52 
(j) Stationary     
major vs media 0.36 58 1.53 0.29 
major vs minor 0.36 58 2.71 0.02 




No Capítulo I foi observado que Acromyrmex subterraneus apresenta atividade 
noturna durante a estação chuvosa e, enquanto ativas, as formigas coletaram 
predominantemente folhas como material de cultivo do fungo. Em dias em que fontes de flores 
e frutos são descobertas pelas forrageiras, estes também foram coletados com frequência. O 
monitoramento das trilhas de forrageamento e as áreas de vida estimadas indicam que, durante 
a estação chuvosa, as forrageiras não vão muito longe do ninho para encontrar substratos para 
o cultivo do fungo. Trabalhos anteriores demonstraram que formigas cortadeiras não 
forrageiam enquanto está chovendo, uma vez que as gotas de chuva podem matá-las e quando 
começa à chover, as forrageiras descartam o material cortado para fungicultura e rapidamente 
retornam ao ninho. O forrageamento nas proximidades do ninho poderia, portanto, facilitar o 
retorno das forrageiras ao ninho em seguranças no caso de ocorrência de chuvas repentinas. 
Existe uma relação positiva entre a largura da cabeça das forrageiras e a massa do substrato, e 
uma relação negativa entre a largura da cabeça das forrageiras e o burden. A primeira relação 
é independente do tipo de material coletado (folha ou não folha), enquanto que a segunda 
relação somente é significativa para folhas. Novos estudos utilizando colônias cativas e 
materiais de cultivo que não sejam folhas podem elucidar melhor como o forrageamento das 
formigas é afetado pela relação entre o tamanho da formiga versus peso do item coletado, bem 
como pelo tipo de material coletado. 
No Capítulo II foi detectada uma divisão de tarefas de acordo com as sub-castas. 
Etogramas quantitativos revelaram que (1) operárias de porte pequeno seriam responsáveis 
principalmente pelo cuidado à prole, rainha e fungo, (2) operárias de porte médio executariam 
com maior frequência atividades de forrageamento e parte do processamento de materiais de 
cultivo, e (3) operárias de porte grande ficariam a maior parte do tempo estacionárias, 
eventualmente atuando no forrageio. Assim, confirma-se a existência de três sub-castas 
morfológicas de operárias em Acromyrmex subterraneus, evidenciadas não somente pela 
frequência de comportamentos em seus repertórios comportamentais (catalogada via 
etogramas) como também via novos métodos de análise (PCoA e Heatmap) da composição 
destes repertórios, que claramente dividiram operárias em três grupos distintos. A similaridade 
de repertórios de A. subterraneus com os de espécies de Atta e de Trachymyrmex e 
Sericomyrmex (que raramente cortam seus substratos de cultivo) sugere que a presença do 
fungo no ninho pode ter levado a um conservadorismo comportamental durante a evolução das 
Attina, em especial desde que a associação do fungo com as formigas tornou-se obrigatória (ca. 
20 milhões de anos atrás).  
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No geral, além de discorrer sobre a história natural e comportamento de A. 
subterraneus, este estudo levanta novas questões. (1) Em outras áreas (por exemplo, Mata 
Atlântica), o padrão de atividade e frequência dos tipos de materiais coletados para o cultivo do 
fungo seriam similares ou distintos aos aqui apresentados? (2) O padrão de coleta de diferentes 
substratos de cultivo aqui observado é devido à preferência das operárias, ou simplesmente 
resultam da disponibilidade dos itens no ambiente? (3) Os padrões de atividade, áreas de vida, 
e comprimento de suas trilhas em A. subterraneus seriam diferentes durante a estação seca? (4) 
Usando as técnicas aqui empregadas, seria possível distinguir castas comportamentais não 
etológicas dentro de ninhos de Attini pouco polimórficas (Trachymyrmex e Sericomyrmex)? (5) 
Quais são os comportamentos conservados ao longo das linhagens de formigas cultivadoras de 
fungo?  
Esse é o primeiro estudo com Acromyrmex subterraneus que investiga tanto a 
história natural quantificada dessa espécie em campo (vegetação nativa de Cerrado), quanto os 
comportamentos desempenhados no interior da colônia com observações em laboratório. Esse 
trabalho contribui para um melhor entendimento dos papéis ecológicos de A. subterraneus no 
Cerrado, além de fornecer dados para entender melhor a relação com o fungo simbionte e a 
evolução das formigas cultivadoras de fungo. Além disso, conhecer a biologia de A. 
subterraneus pode ser importante para o manejo dessa espécie, uma vez que esta é considerada 
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